Highly dynamic integrin-based focal adhesions provide an important structural basis for anchoring the cellular actin cytoskeleton to the surrounding extracellular matrix. The human pathogen Helicobacter pylori (H. pylori) directly targets integrins with drastic consequences on the epithelial cell morphology and migration, which might contribute to the disruption of the gastric epithelium in vivo. In this review, we summarize the recent findings concerning the complex mechanism through which H. pylori interferes with host integrin signaling thereby deregulating focal adhesions and the actin cytoskeleton of motile epithelial cells.
Review
The human pathogen H. pylori colonizes the stomachs of more than 50% of the world's population. The molecular interaction between H. pylori and cells of the gastric epithelium is thought to be the major factor inducing inflammatory responses of the infected host, which can result in the development of the malignant diseases gastric cancer or lymphoma of the MALT (mucosa-associated lymphoid tissue) system [1] . The pathogenesis of H. pylori mainly depends on the exposure of several bacterial factors, including cytotoxin-associated gene A (CagA), the type IV secretion system (T4SS), vacuolating cytotoxin A (VacA), outer inflammatory protein A (OipA) and several adherence factors, to the host [2] [3] [4] . Due to their pivotal role in H. pylori pathogenesis, these factors are currently being intensively studied to elucidate how they induce specific host responses.
Much interest has been focused on the pathogenic factor CagA, which is transported via the T4SS into the host cytoplasm where it activates signal transduction pathways leading to cancer-associated processes [5] . Once injected into the host cytosol, the Glu-Pro-Ile-Tyr-Ala sequences (EPIYA motifs) in the CagA protein (CagA PY ) are successively phosphorylated by non-receptor tyrosine kinases of the Src and Abl families [6, 7] . A direct causal link between CagA PY and in vivo oncogenesis has recently been demonstrated in transgenic mice expressing CagA. These mice developed gastric polyps and adenocarcinoma of the stomach and small intestine [8] . However, the detailed molecular mechanism of CagA PY action in infected cells is not completely understood, although the injected CagA might imitate eukaryotic adaptor proteins by recruiting host signaling factors into protein complexes, both in a phosphorylation-dependent and a phosphorylation-independent manner [9] [10] [11] . Indeed, by generating a transgenic Drosophila model, it has been demonstrated that CagA expression rescues photoreceptor development in the absence of the Drosophila Grb2-associated binder (Gab) homolog Daughter of Sevenless (DOS) indicating that CagA can mimic the function of a Gab adaptor protein within the Drosophila tissue [12] . Hence, it is not sur-prising that the number of CagA-interacting proteins is steadily increasing. These proteins are involved in diverse cellular signal transduction pathways targeting cell proliferation, cellular junctions and adhesions [9] [10] [11] .
A hallmark of cultured H. pylori-infected epithelial cells is the development of the so-called hummingbird phenotype, the characteristic formation of which is dependent on CagA PY (Fig. 1) [13] . This phenotype might influence the immune response, wound healing, metastasis or invasive growth of cancer cells in vivo [14, 15] . The H. pyloriinduced hummingbird phenotype is reminiscent of growth factor-induced cell scattering, which consists of several processes, namely (i) cell movement, driven by rearrangement of the cytoskeleton and (ii) the assembly/ disassembly of cell-matrix contacts [16] . However, the way in which H. pylori regulates these cellular processes is even less understood. Here, we review the recent progress in the study of H. pylori communication with intercellular signal transduction pathways controlling the coordinated action of cytoskeletal-dependent migration, cell morphology and cell-matrix adhesion, all of which might contribute to the pathogenesis of H. pylori.
Cellular aspects of cell migration
Cell migration comprises several temporally and spatially coordinated events, including elongation of the leading edge, adhesion of this protrusion to the matrix, movement of the cell body and release of the trailing edge of the cell [14, 15] . Important structures are focal adhesions (FAs) and the actin cytoskeleton, which are strictly regulated during cell migration.
FAs are comprised of α and β integrin heterodimers that form a bridge between the intracellular actin cytoskeleton and the extracellular matrix (ECM) [17] . While the extracellular domain of integrins binds directly to ECM proteins, the cytoplasmic tail is linked to the actin cytoskeleton via a steadily increasing number of signaling and adapter proteins, such as focal adhesion kinase (FAK), vinculin, talin and paxillin. [17] . Initially, integrins were presumed to act simply as cell adhesion receptors, but it has become clear that they also play crucial roles in the communication of cellular signal transduction pathways leading to adhesion and rearrangement of the actin cytoskeleton [14, 18] . The integrity and stability of proteins located in the FA site are mainly regulated by tyrosine phosphorylation, which is controlled by classical "outside in" and "inside out" signaling cascades [19] .
However, cell migration does not only require a coordinated assembly and disassembly of FAs to move the cell body on the ECM, but also needs active actin polymerization along the plasma membrane to contract the cell cortex. The Rho family of small GTPases, including the well studied members Cdc42, Rac1 and RhoA, is a key regulator of the cytoskeleton ( Fig. 2A) . Generation of cortical tension and a rounded cell morphology are critically controlled by FAK, Src and the small GTPase RhoA, while Rac1 and Cdc42 direct actin assembly to generate lamellipodia and elongation [20, 21] .
Besides Rho-GTPase-controlled actin rearrangements, cell morphology might also be influenced by deregulated FAbased cell adhesion resulting in the development of high traction forces on both cell poles and in a drastic cell elongation ( Fig. 2A) . Indeed, video microscopy has revealed that cells infected with H. pylori fail to release their back ends during cell migration, probably through the maintenance of vinculin-containing FA complexes at their distal tips [22] . This observation indicates that H. pylori causes a FA-dependent retraction defect of motile cells leading to the elongated cell morphology, the molecular mechanism of which will be discussed below.
H. pylori injects CagA across FAs and regulates the elongation of infected epithelial cells
Like the growth factor-induced scattering phenotype, the hummingbird phenotype involves an altered cell morphology and migration, which are regulated by H. pylori. Injection of CagA is strongly associated with the development of an elongated cell morphology, while the process of migration requires a functional T4SS system, but not the CagA protein itself [23] [24] [25] . These observations led to the speculation that either another H. pylori factor translocates through the T4SS into host cells or that the T4SS pilus directly interacts with an unknown cell surface receptor to stimulate specific signal transduction pathways leading to the motogenic response of H. pylori-colonized epithelial cells [26] . Indeed, peptidoglycan has been shown to translocate into the host cytoplasm via the T4SS
The H. pylori-mediated hummingbird phenotype involves cell elongation and migration Figure 1 The H. pylori-mediated hummingbird phenotype involves cell elongation and migration. While noninfected gastric epithelial AGS cells (mock) show a round morphology, infection with H. pylori wild type (wt) induced loss of cell-to-cell contacts, cell elongation and migration. The elongated cell morphology in response to H. pylori is dependent on the injection of CagA, since AGS cells infected with a cagA-deficient H. pylori mutant (ΔcagA) do not elongate.
pilus, where it binds to the nucleotide-binding oligomerization domain-containing 1 (Nod1) protein leading to the transactivation of nuclear factor kappa B (NF-κB)-dependent proinflammatory genes [27] . Whether this factor also plays a role in the rearrangement of the actin cytoskeleton has not yet been investigated.
The existence of a T4SS receptor on the host cell surface has recently been demonstrated. It was shown that CagA injection requires binding of the bacterial adhesin CagL, located on the tip of the T4SS, to the β1 integrin receptor of epithelial cells (Fig. 2B) [28] . In earlier studies, CagL was already found to be essential for the injection of the CagA protein and the induction of IL-8 secretion [26, 29] . Similar to other integrin-binding ECM proteins, H. pylori CagL possesses a specific Arg-Gly-Asp (RGD) motif, which mediates the binding of CagL to integrin α5β1 [28] . The biological importance of integrins for H. pylori infection Schematic overview of the integrin signaling These processes contribute to the deregulation of FA disassembly leading to host cell elongation. In parallel, FAK and Src control the actin cytoskeleton via the CrkII/DOCK180/Rac1/WAVE/Arp2/3 pathway, which affects cell migration. This pathway is controlled by Abl kinases, paxillin or p130Cas. Red arrowheads:H. pylori-associated signaling pathways; black arrowheads: FAKand Src-associated signaling pathways.
has been further emphasized by the finding that β2 integrins are VacA receptors on T lymphocytes, allowing H. pylori to subvert the host immune response [30] . However, VacA can also interact with the ECM protein fibronectin in vitro, and this interaction can be partly inhibited by RGD-containing peptides [31] . Thus, it is not completely clear whether the interaction of VacA and β2 integrin is direct or requires fibronectin. In epithelial cells, the CagL-α5β1 interaction allows translocation of CagA into the host cytoplasm and also concomitantly activates the integrin-dependent tyrosine phosphorylation of CagA at FA sites [28] . In this and another recent study, it was further shown that activated β1 integrins are also required for CagA-independent signaling pathways involved cell migration (Fig. 2B) [32] .
The detailed mechanism of how CagA is injected after integrin binding is not known, while the mechanism of integrin-triggered CagA phosphorylation is better understood. The intracellular signaling initiated by integrins in FAs is mainly mediated via FAK and Src kinases ( Fig. 2A ) [33] . The clustering of integrins leads to the rapid recruitment of FAK to the FA complex, where it is autophosphorylated on tyrosine 397 (Y397) [34] . This leads to the recruitment and activation of Src family kinases, which, together with FAK, are central in the regulation of downstream signaling pathways that control cell spreading, cell movement and cell survival [34, 35] . Phosphorylation of FAK at Y397 correlates with increased catalytic activity and appears to be important for the tyrosine phosphorylation of focal complex-associated proteins such as paxillin. In agreement with this, both FAK and Src have been shown to be activated by the CagL-α5β1 interaction within the first 120 minutes of H. pylori infection [28] , which then leads to the phosphorylation of paxillin (Fig. 2B) [32] . The interplay between H. pylori and integrins has been confirmed in a study by Tabassam and colleagues, with the major difference that these authors postulate that the outer membrane protein OipA of H. pylori is important for FAK and Src activation [36] . Hence, it might be relevant to determine whether OipA interaction with the host cell membrane mediates a tight interaction between H. pylori and host cells, allowing CagL to interact with β1 integrin, or whether OipA also targets β1 integrins directly. H. pylori-activated Src has been shown to directly phosphorylate EPIYA motifs of injected CagA, which serves as a signal to form a complex composed of CagA PY and Src homology 2 domain-containing tyrosine phosphatase (Shp-2) in vitro as well as in vivo (Fig. 2B) [37, 38] . The interaction of CagA PY and Shp-2 is important in the induction of the elongated cell morphology [39] [40] [41] , potentially through the H. pylori-activated Shp-2/Rap1/B-Raf/Erk signaling pathway [42, 43] .
However, FAK and Src are rapidly inactivated in cells that have been infected with H. pylori for extended time points [44] [45] [46] [47] . Inactivation of FAK and Src is mediated via different molecular mechanisms (Fig. 2B) . In transfection studies, binding of CagA PY to Shp-2 induced an increased phosphatase activity of Shp-2, resulting in a direct dephosphorylation and inactivation of FAK [47] . Another mechanism has been postulated for the inactivation of Src, involving inhibition by a negative feedback-loop mechanism initiated by CagA PY , which directly interacts with the C-terminal Src kinase (Csk) to inactivate Src activity [46] . Although Src inactivation leads to the dephosphorylation of other Src substrates, such as vinculin, cortactin and ezrin [45, 48, 49] , the tyrosine phosphorylation of CagA is maintained by Abl kinases in late phase infections [6, 7] , ensuring that CagA PY constitutively stimulates signaling pathways in host cells (Fig. 2B) . Altogether, sustained CagA phosphorylation by Abl kinases, and the inactivated proteins FAK, Src with their dephosphorylated substrates have been demonstrated to be relevant signaling elements in cell elongation, even though their detailed functional roles in FAs and the corresponding molecular mechanisms are not clear and should be investigated in future studies.
H. pylori regulates the actin cytoskeleton of infected epithelial cells
The CagL-integrin-mediated CagA injection is crucial for deregulation of FAs; however, rearrangement of the actin cytoskeleton leading to cell migration appears to be mainly independent of CagA, but requires a functional T4SS [23] [24] [25] 50] . In particular, H. pylori mutants that do not express the CagL protein are unable to stimulate cell migration, while H. pylori strains that are deficient for CagA still activate motility to a certain extent [23] . This led to the hypothesis that CagL-mediated stimulation of the β1 integrin/FAK/Src pathway is involved in the cytoskeletal rearrangement.
Actin cytoskeleton dynamics are regulated by Rho family GTPases [51] . In H. pylori-infected cells, the Rho GTPase Rac1, but not RhoA or Cdc42, has been shown to be a crucial component of the CagA-induced phenotype [52] . A major function of activated Rac1 is to stimulate actin polymerization via WAVE (WASP family verprolinhomologous protein) and the Arp2/3 (actin-related protein 2/3) complex, leading to plasma membrane protrusion and extension of lamellipodia [53] . FAK/Src signaling in particular has been implicated in the regulation of Rac1 activity through two well characterized downstream pathways involving the scaffolding proteins p130Cas and paxillin (Fig. 2B) , which are both enriched in FAs [51] . Upon phosphorylation by Src, p130Cas can recruit a Crk (v-crk sarcoma virus CT10 oncogene homolog)/DOCK180 (dedicator of cytokinesis) complex that has GEF (guanine nucleotide exchange factor) activity toward Rac1 [54, 55] . The critical role of Crk adaptor proteins in the actin cytoskeleton rearrangement of H. pyloriinfected cells has recently been demonstrated [52, 56] . Moreover, the Crk/DOCK180/Rac1/WAVE/Arp2/3 signal transduction pathway is stimulated in H. pylori-infected cells [56] , indicating that recruitment of p130Cas into the Crk/DOCK180 complex might be an important event regulating the Rac1-dependent actin cytoskeleton responses and plasma membrane protrusion of H. pylori-infected cells (Fig. 2B) . On the other hand, H. pylori-targeted FAK phosphorylates paxillin [32] , which might also contribute to the activity of the Crk/DOCK180 complex (Fig. 2B) , but which additionally suppresses RhoA [51] . As RhoA can inhibit Rac1, this pathway could also be important for efficient integrin-stimulated activation of Rac1 [51] . Taken together, these studies reveal diverse mechanisms through which FAK/Src signaling coordinates Rac1 activation, thereby controlling the actin cytoskeleton in H. pylori-infected cells (Fig. 2B) .
The actin cytoskeletal rearrangement might also be influenced by the Abl-dependent signaling pathways. In contrast to FAK and Src [28] , Abl kinases remain active in H. pylori-infected cells [6, 7] . Since the upstream signal transduction pathway leading to sustained Abl kinase activity has not yet been investigated, it is tempting to speculate whether the kinase activity of c-Abl is dependent on CagLintegrin signaling or on a physical interaction with CagA PY , as has been observed upon H. pylori infection [6] . Interestingly, CagA PY binds directly to the adapter proteins of the Crk family [56] , which have also been found to be directly tyrosine-phosphorylated by H. pylori-activated Abl [6, 7] . The complex composed of Abl, CagA PY and CrkII might then activate the DOCK180/Rac1/WAVE/ Arp2/3 pathway leading to the actin cytoskeletal rearrangement (Fig. 2B) [56] .
Conclusion: Does H. pylori interfere with FA maturation in vivo? Drastic cell elongation and migration are hallmarks of H. pylori-infected epithelial cells in vitro. Motile cells need to assemble new FAs at the leading edge, but require the disassembly of these structures at the trailing edge to move the cell body efficiently (Fig. 3A) . H. pylori clearly deregulates host integrin-dependent signal transduction pathways, leading to the generation of cell tension, elongation and migration through synchronous processes. While migration of H. pylori-infected cells is driven by rearrangements of the actin cytoskeleton, motile cells fail to release their back ends during cell locomotion. Hence, it is necessary to ask whether H. pylori interferes with the maturation of FAs to alter the epithelial morphology (Fig. 3B) . There is little published data concerning the regulation of trailing and maturating FAs and how turnover is regulated in motile cells. However, the idea that FAs represent the crucial gate for injection of H. pylori CagA into the host cytoplasm is striking and opens a new field for investigating the mechanism through which CagA PY interferes with the stability and maturation of FAs in vitro as well as in vivo.
FAs were initially identified in cultured fibroblasts and for a long time it was speculated that they were artificially formed structures in cultured cells. Today, it is well estab- lished that FAs exist in vivo, mediating cell-matrix junctions at the basolateral surface of polarized cells [57] . The fact that CagA injection requires integrin activation leads to the question of whether H. pylori can contact FAs at the basolateral membrane in vivo. Several studies have shown that CagA is necessary for the disruption of the intercellular tight junctions of polarized cells [58] [59] [60] . Furthermore, it has been demonstrated that injected CagA preferentially localizes to the apical membrane of T84 cells [61] . Detailed models have been proposed in recent reviews [11, 62] , suggesting that moderate amounts of CagA might be injected across the apical membrane without the need of integrins in early phases of infection. Together with other secreted bacterial and/or host factors (e.g. soluble H. pylori factors or cellular matrix metalloproteases), injected CagA then supports the disruption of intercellular adhesions [25, 63, 64] allowing H. pylori to enter the intercellular space. In fact, in biopsies from patients with intestinal metaplasia and gastric cancer, H. pylori was found in the intercellular space and lamina propria [65] , indicating that H. pylori has access to FAs at later time points of infection in vivo. Consequently, it is important to analyze the consequences of CagA injection and FA deregulation in vivo. CagA PY -associated cell elongation possibly hinders H. pylori-mediated cell migration, since failure of tail retraction might result in a reduced migration speed. In contrast, elongation allows cells to pass tissues more easily, which would support invasive growth of single cells. Therefore, analyzing the consequences of cell elongation and migration in vivo should lead to novel insights into H. pylori pathogenesis.
Model of H. pylori-dependent cell elongation

